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Abstract
Background: Fitness recovery of HIV-1 ‘‘in vitro’’ was studied using viral clones that had their fitness decreased as a result of
plaque-to-plaque passages.
Principal Findings: After ten large population passages, the viral populations showed an average increase of fitness,
although with wide variations among clones. While 5 clones showed significant fitness increases, 3 clones showed increases
that were only marginally significant (p,0.1), and 4 clones did not show any change. Fitness recovery was not accompanied
by an increase in p24 production, but was associated with an increase in viral titer. Few mutations (an average of 2
mutations per genome) were detected in the consensus nucleotide sequence of the entire genome in all viral populations.
Five of the populations did not fix any mutation, and three of them displayed marginally significant fitness increases,
illustrating that fitness recovery can occur without detectable alterations of the consensus genomic sequence. The
investigation of other possible viral factors associated with the initial steps of fitness recovery, showed that viral
quasispecies heterogeneity increased between the initial clones and the passaged populations. A direct statistical
correlation between viral heterogeneity and viral fitness was obtained.
Conclusions: Thus, the initial fitness recovery of debilitated HIV-1 clones was mediated by an increase in quasispecies
heterogeneity. This observation, together with the invariance of the consensus sequence despite fitness increases
demonstrates the relevance of quasispecies heterogeneity in the evolution of HIV-1 in cell culture.
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Introduction
Experiments of virus evolution in cell culture have been employed
to study the relevance of genetic concepts for RNA viruses (including
Muller’s ratchet, the RedQueen hypothesis, genetic drift in bottleneck
transfers, among others; as review see [1]). Such studies have been also
extremely useful in the understanding of the generation and
quantification of genetic variation of human immunodeficiency virus
type 1 (HIV-1) [2,3,4].These investigations showed that HIV-1
populations are composed of swarms of related variants, often
centered around a high frequency variant or master sequence,
forming what is known as viral quasispecies [5,6]. According to the
theoretical quasispecies model, proposed by Eigen [7], viral evolution
does not operate at the level of the individual genome but rather the
target of selection is the quasispecies as a whole [6].
Recently, this concept has been experimentally demonstrated
for RNA viruses with the implication of quasispecies diversity in
the pathogenesis of poliovirus [8,9], and other RNA viruses [10].
In addition, the pathogenicity of a Mumps vaccine strain has been
related to the quasispecies heterogeneity [11]. High fidelity viral
strains that produce less heterogeneous and less pathogenic viral
populations are under study as new poliovirus vaccine candidates
[12].
The viral population size changes during natural HIV-1
infections. The transmission to a new individual often implies a
reduction in the population size, known as transmission bottleneck,
which affects the composition of the quasispecies in the recipient
host [13]. Once the infection is successful in the recipient host,
viruses replicate generating diversity and expanding their
populations to explore additional regions of the sequence space.
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In a similar way, antiretroviral treatments,such as highly active
antiretroviral therapy (HAART), dramatically reduce the viral
load producing a population bottleneck that may be shaping virus
evolution. In previous studies ‘‘in vitro’’ by our group, we
documented a rapid HIV-1 fitness decrease after serial bottlenecks
passages [3], and also rapid fitness recovery attained when the
virus was subjected to large population passages [3,4,14,15,16].
Furthermore, we found that a very limited number of mutations in
the consensus HIV-1 genomic sequences was responsible for the
fitness changes [4].
To understand the variables that affect fitness recovery, ten
HIV-1 clones (two of which were passaged in duplicate), whose
capacity to produce infectious progeny had decreased by plaque-
to-plaque transfers, were subjected to ten large population
passages. The molecular changes associated with fitness recovery
were analyzed by comparing the consensus genomic nucleotide
sequence as well as the sequences of individual molecular clones.
We detected fixation of mutations in the consensus sequences only
in 7 out of the 12 passaged viruses. Heterogeneity analysis of the
mutant spectra in the viral populations showed an increase of
complexity along the passages and an overall positive correlation
between quasispecies heterogeneity and fitness increase. These
results provide the first evidence that in the course of HIV-1
evolution, mutant spectrum complexity can be a determinant of
virus behavior.
Results
HIV-1 fitness increase after ten large population passages
Fitness of HIV-1 viral clones previously subjected to serial
plaque-to-plaque transfers [3] was recovered after ten large
population passages (Figure 1). Viral fitness was determined using
J1 clone as reference [4]. The initial clones showed a mean viral
fitness of 0.5418 (standard error (SEM)60.054), whereas for the
corresponding passaged populations, the average fitness was
0.79560.037, a difference that was statistically significant
(Wilcoxon signed rank test; p = 0.0034, Figure 2). This result
indicates that few large population passages are sufficient to
Figure 1. Genealogy of the viral clones studied. Representation of the serial plaque-to-plaque transfers (circles) and large population passages
(bottles and dotted arrows) in 2.56106 and 56106 MT-4 cells performed with HIV-1 clones. The experimental procedures and the origins of natural
isolate s61 and of the different clones are described in references [2,3] and in Materials and methods. HIV-1 clones were obtained from the
populations after the plaque-to-plaque transfers, and are named according to the number of large population recovery passages. Viral populations
are indicated by letters followed by a number that indentifies the clone used, followed by p1 for the initial and p11 for the final passage. For clones
D1, G1, E1 and H1, number 5 after the dot indicates that these clones were passaged by infecting 56106 MT-4 cells.
doi:10.1371/journal.pone.0010319.g001
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increase viral fitness of HIV clones that had undergone bottleneck
passages. The increase in fitness, however, varied substantially
among clones, with increases ranging from 386% to undetectable
(0%) (Table 1). Five of the clones showed increases that were
statistically significant at p,0.05; 3 clones were marginally
significant (at p,0.10), and in 4 clones there was no fitness gain.
Viral infectivity and p24 production in HIV-1 clones
To identify viral factors that could be responsible for the fitness
increase, viral titers and p24 protein levels were quantified for all
HIV-1 clones before and after the large population passages.
Passages resulted in a statistically significant increase in viral titer
(Wilcoxon signed rank test; p-value = 0.021) (Figure 3a). To test
whether this result was due to an increase in the virion production,
viral p24 protein was quantified in the cell culture supernatants.
No differences in the protein levels were observed during the
passages (Wilcoxon signed rank test; p-value = 0.2334)(Figure 3b).
These results suggest that the observed increase in viral titer is due
to an increase of the virus infectivity, and not to an increase in
virion production.
Detection of mutations in the consensus nucleotide
sequences
Because mutations are generally considered the principal cause
of changes in viral fitness and other phenotypic alterations
[17,18,19,20,21,22,23], we compared the consensus nucleotide
sequence of each clone before and after being subjected to large
population passages. Few mutations were fixed in each viral clone
following large population passages (average of 2 mutations per
genome, range 0 to 10) (Table 1). Only 7 out of the 12 populations
studied showed changes in their genomic sequence, which
included four reversions (17% of the changes), one mutation that
eliminated a stop codon in nef coding region of virus H (Table 1)
and a common mutation in the 59LTR in three viruses, as
described [4]. The results confirm, in agreement with our previous
work, that few mutations in the consensus sequence can mediate
fitness recovery [4].
Of the 7 clones showing accumulation of mutations, five
displayed statistically significant fitness increases, whereas two
clones (G1.5p11 and G2p11) did not show any significant fitness
increase (Table 1). In addition, there were clones that acquired
several mutations (such as clone E1) and manifested a lower fitness
increase than clones that acquired a single mutation (clones in
lineage D). Strikingly, clones G1p11, I1p11 and K1p11, that did
not include any mutation in the consensus sequence, displayed an
increase in fitness (with p= 0.0664, p = 0.0565 and p= 0.0963
respectively in the Graphpad slope comparison test). Therefore,
fitness increase was not directly correlated with the number of
mutations in the consensus sequence, and in some clones, this
fitness increase could not be linked to any mutation in the
consensus sequence of the population.
Quasispecies heterogeneity and viral fitness
To investigate viral factors, other than dominant mutations that
could be involved in fitness increase, we quantified the
heterogeneity of mutant spectra, by sequencing molecular clones
of four genomic regions of the initial clones and the corresponding
passaged populations. At least 20 clones were analyzed for each of
the four regions, which spans 2,005 nucleotides per clone, and thus
represents 480,144 nucleotides. The distribution of mutations
among the clones and genomic regions is described in Table 2.
The analysis documented that there was a significant difference in
heterogeneity (Wilcoxon signed rank test p = 0.0122), quantified as
the sum of Hamming average distances in each region, between
the initial (5.54660.1481 substitutions) and the passaged viral
populations (6.46460.33 substitutions) (Figure 4).
In addition, a global correlation analysis indicated a significant
correlation between viral heterogeneity and viral fitness with a p-
value = 0.05 (Table 1 and Figure 5). Therefore, fitness increase of
HIV-1 can occur without modifications in the consensus sequence
of the replicating quasispecies and quasispecies complexity is
associated with the increases of HIV-1 fitness.
Discussion
The present study was designed to investigate the early steps of
fitness recovery of ten debilitated HIV-1 clones subjected to only
ten serial large population passages. In the course of fitness gain,
the genetic variation differed from clone to clone, but a global
diversification of viral quasispecies was observed, illustrating that
the initial phase of fitness recovery is characterized by the
generation of variation. The increase of fitness varied among
clones, with higher increases in clones with lower initial values
(D1, D1.5 and D2). This fitness augmentation was not related to
viral production, as measured by p24 levels, but it was associated
with an increase in viral infectivity (Figure 3). Consensus
nucleotide sequence of the entire viral genome showed the
accumulation of mutations in some passaged populations but not
in others. This result documents that fitness alterations can occur
without variation of the consensus sequence. Similar results have
been previously reported for several other riboviruses
[8,9,24,25,26,27]. The global fitness correlation with heterogene-
ity could be differentiated between non-significant correlation in
the initial populations and a statistical association in passage 11
viruses (see Figure 5). Fitness increase correlated with quasispecies
heterogeneity but not with the number of mutations fixed in the
viral populations (Table 1). It must be noted that the experiment
was designed to test the initial process of fitness recovery, and that
it cannot be excluded that additional passages might result in
further fitness increases accompanied by modifications of the
consensus sequence. The key point of this cell culture study is that
a transient fitness increase can occur without being reflected in the
consensus sequence and that critical information in HIV-1
Figure 2. Fitness increase after ten serial passages of HIV-1
clones. Fitness values were obtained from values of each clone at
passage 1 (m) and 11 (#) and represented together with the mean
value and standard errors. A Wilcoxon signed rank test was used to
compare the values; the p-value of this test is shown above the points
(Sum of signed ranks =270).
doi:10.1371/journal.pone.0010319.g002
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Table 1. Viral clones, fitness increases and mutations fixed in the consensus sequences.
Viral Clones
Initial Final Fitness (SEM) Increase(%) p-value
Number of
mutations Localizationa
Change of
nucleotide Change of aa
D1p1 0,2 (0,1)
D1p11 0,9 (0,06) 376 0.0003 1 U5 59 LTR (593) G a` T NA
D1.5p11d 0,9 (0,07) 386 0.0013 1 U5 59 LTR (593) G a` T NA
D2p1 0,3 (0,03)
D2p11 1,0 (0,03) 243 ,0,0001 1 U5 59 LTR (593) G a` T NA
E1.5p1 0,7 (0,04)
E1.5p11d 0,8 (0,03) 29 0.0017 10 U3 59LTR (255) G a` A NA
U5 59LTR (572) T a` C NA
env (2293) G a` Ab D249N (gp41)
rev (197) R66Q (rev)
rev (209) T a` C L70P
rev (349) T a` C STOP117Q
env (2580) T a` A Synonymous
nef (426) C a` T Synonymous
nef (436) C a` G V146L
nef (544) G a` A V182I
nef (550) A a` G R184G
G1p1 0,6 (0,05)
G1p11 0,8 (0,03) 25 0.0664 0
G1.5p11d 0,7 (0,02) 15 0.2329 4 pol (1054) A a` G K194E (RT)
pol (2346) T a` A D64E (IN)
pol (2767) G a` A A205T (IN)
rev (100) A a` Gb T34A (rev)
tat (239) D80G (tat)
G2p1 0,7 (0,03)
G2p11 0,7 (0,01) 3 0.7815 4 pol (1060) G a` A E196Kc (RT)
pol (1062) G a` A
pol (1063) C a` A Q197Kc (RT)
pol (1065) G a` A
H1.5p1 0,5 (0,04)
H1.5p11 d 1,0 (0,01) 85 ,0,0001 3 gag (654) G a` A M86I (p24)
env (1549) A a` G T1A (gp41)
nef (117) -a` A Phase recovery
I1p1 0,5 (0,08)
I1p11 0,7 (0,02) 29 0.0565 0 - - -
I5p1 0,6 (0,03)
I5p11 0,6 (0,03) 27 0.6645 0 - - -
K1p1 0,7 (0,004)
K1p11 0,8 (0,03) 17 0.0963 0 - - -
K2p1 0,7 (0,04)
K2p11 0,7 (0,03) 0 0.9494 0 - - -
Total 24
aLocation of mutations is assigned taking HIV-1 strain HXB-2 as a reference (Accession number #K03455). Mutations are numbered according to their position in the
gene. NA: not applicable. Reversions are underlined. Amino acid substitutions are numbered in reference to the protein affected.
bNucleotide substitution producing an amino acid change in two proteins.
cBoth substitutions lead to the same amino acid change.
dViruses passaged in 5?106 MT-4 cells are doubly underlined.
doi:10.1371/journal.pone.0010319.t001
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behavior can be lost if no analyses of mutant spectra are
performed.
In the case of HIV-1, fitness change without variation in the
consensus genomic sequence can be significant in the clinical set-
up, because changes in highly relevant phenotypes, for example
those associated with antiviral resistance, are generally monitored
by the appearance of mutations in the consensus sequence of the
viral populations [28]. The role of quasispecies heterogeneity in
fitness increase was most evident in the populations that did not
display changes in the consensus sequence. However; it may be
also operating, at a hidden level of the mutant spectra, as suggested
by the comparison of heterogeneity values, in populations that
displayed a fitness increase and that incorporated mutations in
their consensus sequences.
The experiment reported here was undertaken to simulate
population changes likely to occur during HIV-1 natural
infections. High HIV-1 population sizes are generally attained at
primo-infection, and virus replication is partially controlled by the
immune system, primarily by the cytotoxic T cell (CTL) response
[29,30,31,32,33,34,35], and later by neutralizing antibodies [36].
Consequently, the viral load drops to a viral set point, which
remains stable during the asymptomatic phase, and is variable
among patients. Genetic variability studies in HIV-1 patients
[37,38,39] and in a set of typical progressors have established
consistent patterns of viral heterogeneity and divergence from the
initial transmission to AIDS [40].
The present study with HIV-1 reinforces the adequacy of
quasispecies theory to interpret retrovirus evolution. The key
observation is that fitness recovery cannot only be mediated by the
fixation and dominance of advantageous mutations but also by an
increase in quasispecies heterogeneity. Thus, the viral population
as a whole is the one involved in the fitness recovery. This result
supports the concept that the target of selection is not a single
genome but the complete quasispecies [5,41,42]. Dominance of
specific mutants is not a requirement for fitness gain, and internal
interactions within quasispecies can affect retroviral evolution.
Materials and Methods
Cells, viruses and biological cloning
The HIV-1 parental population was isolate s61 [2], obtained by
standard co-culture procedures, from a 4-year-old child with AIDS
symptoms [2]. From this viral population, six biological clones D,
G, E, H, I, and K were derived by plating on MT-4 cells [43].
These clones were subjected to serial plaque-to-plaque transfers to
obtain populations D15, E11, G7, H12, I15 and K15 [3]
(Figure 1). From these viral populations, two clones were obtained
from lineages D, G, K, and I, and only one clone could be
recovered from lineages E and H (Figure 1).
Large population passages of viruses
Clones D1, D2, E1, G1, G2, H1, I1, I5, K1, and K2 were
subjected to ten large population passages by infecting 56106 or
2.56106 MT-4 cells at a multiplicity of infection (M.O.I.) of about
0.01 TCID50/cell (Figure 1). Viral titers were obtained in MT-2
Figure 3. Virological characterization of HIV-1 clones in the initial and final passages. A) Viral titers of populations at passage 1 and 11
were obtained by infecting MT-2 cell with the corresponding supernatants, and are expressed as TCID50 (see Materials and methods). To compare the
mean values, a Wilcoxon signed rank test was used (sum of signed ranks =258) and the p-value is given above the data points. B) p24 protein was
quantified using an indirect ELISA, as described in Materials and methods. Mean values of passages 1 and 11 are shown as pg/ml, and were used to
compare both passages. The Wilcoxon p-value is displayed above the points (sum of signed ranks =232). Symbols are as in Figure 2.
doi:10.1371/journal.pone.0010319.g003
Figure 4. Global heterogeneity of the HIV-1 viral quasispecies
at passages 1 and 11. Heterogeneity was measured as Hamming
distance. Wilcoxon p-value to compare means is shown above the dots
(sum of the signed ranks =262). Symbols are as in Figure 2.
doi:10.1371/journal.pone.0010319.g004
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cells and are expressed as the 50% tissue culture infective dose per
ml (TCID50/ml). Virus was recovered from the culture superna-
tant when cytopathology was complete (5 to 7 days post-infection).
For each subsequent passage, fresh MT-4 cells were infected with
the same volume of the supernatant from the previous passage,
taking into account that viral titers do not change significantly
during serial passages in MT-4 cells [2]. p24 determination was
carried out in the culture supernatant with an automated
enzymatic method in an Elecsys 2010 analyser using a p24
detection kit (Roche Diagnostics, HIV Ag.HIV (groups M and 0)
p24 antigen, ref.11971611 122). Cells were cultured in closed
bottles and all the procedures were aimed at minimizing the
possibility of cross-contamination, which was monitored with
uninfected control cultures maintained in parallel. No evidence of
contamination was observed at any time.
Fitness assay
Relative fitness values were determined by growth-competition
experiments as previously described [44]. Briefly, the assay consists
in the coinfection of MT-4 cells with a known number of TCID50/
ml of the virus to be tested and of a reference clone (J1). The
genome of clone J1 contains a deletion of 45 nucleotides in the
region of env gene that encodes the V1-V2 loop; this deletion is
readily detectable in a GeneScan analysis. Coinfections, per-
formed in duplicate or triplicate, were carried out for a maximum
of 5 passages. The proportion of the two viruses in each passage
was quantified by Gene Scan analysis. The fitness values per
competitive transfer series were calculated from the slope of
exponential plot as previously described [44]. The statistical
significance of fitness differences between the initial and final
populations was tested using the Graphpad software.
RNA extraction and PCR amplification for complete
genome analysis
Consensus genomic nucleotide sequences for the entire HIV-1
genome were determined for the initial and final viral populations
as previously described [4]. Sequences were derived from viral
RNA in the supernatant of the cell cultures. RNA was extracted
with a guanidinium isothiocyanate lysis buffer and glass milk as
previously described [4]. RT-PCRs used for the determination of
the consensus genome sequence were performed using at least
2,000 copies of viral RNA as starting template. The first
amplification was carried out using the Access RT-PCR System
Table 2. Quasispecies heterogeneity per region and clone.
LTR-gag vpu env(V1–V2) env(V3–V4)
PASSAGE 1 11 1 11 1 11 1 11
CLONE Mean ± SEM Mean ± SEM Mean ± SEM Mean ± SEM Mean ± SEM Mean ± SEM Mean ± SEM Mean ± SEM
D1 1.060.3 1.160.4 1.260.4 0.660.2 1.960.5 1.560.4 1.760.4 2.160.4
D15 1.060.3 2.560.6 1.260.4 0.660.2 1.960.5 1.560.4 1.760.4 2.060.5
D2 2.160.4 3.360.5 0.260.2 1.060.3 0.960.3 1.460.4 2.560.5 2.260.5
E1 2.060.4 2.360.5 0.760.3 0.660.3 1.860.4 2.260.5 1.560.4 2.360.4
G1 2.160.5 1.760.5 0.260.2 0.560.2 1.260.4 1.560.4 2.060.4 2.260.5
G15 2.160.5 1.660.4 0.260.2 0.460.2 1.260.4 2.260.5 2.060.4 1.160.3
G2 1.160.3 2.960.5 0.860.3 0.860.4 1.460.4 2.260.6 1.860.4 2.460.5
H1 2.160.5 2.260.7 0.760.3 0.860.3 1.460.4 2.360.6 2.060.5 2.360.5
I1 1.860.4 1.260.4 0.160.1 0.260.2 1.260.4 1.660.5 2.060.5 2.060.5
I5 2.260.5 2.560.5 0.160.1 0.460.2 0.860.3 0.960.4 1.560.4 1.460.4
K1 1.260.4 1.960.4 0.760.3 0.560.2 1.360.4 2.060.4 1.660.4 2.060.5
K2 2.260.5 2.560.5 0.560.2 0.560.2 1.760.5 1.660.4 1.860.4 2.060.5
Mean/Region 1.760.1 2.160.2 0.660.1 0.660.1 1.460.1 1.760.1 1.860.1 2.060.1
Heterogeneity is measured using Hamming distance and the results show the mean value per clone in each region for passage 1 and 11. The final row shows the
heterogeneity average value of the passages in each region. Values between regions cannot be compared as we are expressing them as number of differences between
clones, not taking into account the region’s length, although this comparison can be made between passages.
doi:10.1371/journal.pone.0010319.t002
Figure 5. Correlation of heterogeneity and fitness in the HIV-1
clones during the serial passages. Fitness versus quasispecies
heterogeneity values per clone are represented. Quasispecies hetero-
geneity was calculated as total Hamming distance, as explained in
Materials and methods. A linear regression analysis between heteroge-
neity and fitness values was performed. The Pearson correlation test
was used to check the values obtained, and the p-value is shown at the
top. Symbols are as in Figure 2.
doi:10.1371/journal.pone.0010319.g005
HIV-1 Variation and Fitness
PLoS ONE | www.plosone.org 6 April 2010 | Volume 5 | Issue 4 | e10319
(Promega) with 6 different pairs of oligonucleotide primers that
cover the entire HIV-1 genome. Internal amplifications were
performed with the EcoTaq DNA polymerase (Ecogen). The
sequence of the primers used in the amplifications, covering the
59LTR-gag (1880 bp), pol-vpr (3450 bp) and vpr-39LTR
(3923 bp) regions, will be made available upon request. Both
external and internal amplifications involved 35 cycles with
temperatures chosen according to the composition of the primers.
Negative amplification controls were run in parallel to monitor
absence of contamination. Primer location and numbering of
nucleotide changes are referred to isolate HIV-1 HXB2 included
in the Los Alamos data base [45]. Sequence was determined on
the two cDNA strands with an ABI 373 automatic sequencer.
Multiple sequence alignments were performed using the CLUS-
TAL W program [46]. Sequences have been deposited in
GeneBank with the accesion numbers GQ386774 to 386794.
GeneScan Analysis
For fitness determination, to avoid recombination during the
reverse transcriptase reaction, quantification of the viruses was
performed on proviral DNA. Prior to this decision, a comparison
between estimations performed on proviral DNA or from viral
RNA from the culture supernatant showed no statistical
differences (data not shown). DNA was extracted from the cellular
pellets of the competition cultures by standard phenol-chloro-
phorm method. The region encoding the V1/V2 loops of gp120 of
the competing viruses, which were different in length, was
amplified by PCR using one of the primers labelled with the
fluorescent dye 6-FAM. The primers used were: 34, 59-6FAM-
GTCACAGTCTATTATGGGGTACCTGTGT-39; and 31, 59-
ACCTCAGTCATTACACAGGCCTGCAGCGC-39. The PCR
products were diluted from 2-to 10-fold with water to obtain peak
intensities in the linear range, and 1 ml of these dilutions were
mixed with 9 ml of ROX 1000 size standard (Applied Biosystems)
previously diluted 17-fold with formamide. Samples were run on
an ABI PRISM 3700 machine, and data were analysed using
GeneMapper v 4.0. Peak areas were used to calculate the fitness of
each virus versus the standard J1.
Quasispecies analysis and calculation of population
heterogeneity
For the analysis of mutant spectra we selected four genomic
regions that were amplified using three primers pairs. The first
pair amplified RNA positions 672 to 1363 of HXB2 (692
nucleotides) that spanned the leader sequence and the p17 protein
in the gag gene. The second pair amplified RNA positions 6045 to
6734 (711 nucleotides) emcompassing vpu and the V1–V2 region
of env. The third pair amplified RNA positions 7039 to 7641 (602
nucleotides) that comprised the V3–V4 region of env. In total, the
three amplifications covered four regions: the 59 LTR/p17, vpu-,
env (V1–V2)- and env (V3–V4)-coding regions which represent a
total of 22,005 genomic residues. At least 20 independent clones
were used to represent the viral quasispecies of each population at
each passage. The RT-PCRs products were cloned using TA
TOPO cloning (Invitrogen), following the manufacturer’s instruc-
tions. In each region, average Hamming distance was calculated
for every virus using the MEGA v4.0 software. A sum of the
average Hamming distances in the 2,005 nucleotides analyzed was
used for the analysis showed in Figure 4 and 5.
Statistical analysis of the results
Wilcoxon signed rank tests were applied to compare the
different parameters used to characterize the viral populations.
The p-values obtained are shown in each Figure, and the sum of
signed ranks are indicated in the corresponding legends. A Pearson
test of correlation was used to study the possible association
between viral heterogeneity and fitness.
Author Contributions
Conceived and designed the experiments: AVB CLG. Performed the
experiments: AVB RLR MP CC TA. Analyzed the data: AVB RLR MP
CC TA ED CLG. Wrote the paper: AVB RLR ED CLG.
References
1. Domingo E, Parrish CR, Holland JJ, eds. Origin and Evolution of Viruses
(second Edition): Elservier.
2. Sanchez-Palomino S, Rojas JM, Martinez MA, Fenyo¨ EM, Najera R, et al.
(1993) Dilute passage promotes expression of genetic and phenotypic variants of
human immunodeficiency virus type 1 in cell culture. J Virol 67(5): 2938–2943.
3. Yuste E, Sanchez-Palomino S, Casado C, Domingo E, Lopez-Galindez C (1999)
Drastic fitness loss in human immunodeficiency virus type 1 upon serial
bottleneck events. J Virol 73(4): 2745–2751.
4. Yuste E, Borderia AV, Domingo E, Lopez-Galindez C (2005) Few Mutations in
the 59 Leader Region Mediate Fitness Recovery of Debilitated Human
Immunodeficiency Type 1 Viruses. J Virol 79: 5421–5427.
5. Eigen M (1971) Selforganization of matter and the evolution of biological
macromolecules. Naturwissenschaften 58: 465–523.
6. Domingo E, Martinez-Salas E, Sobrino F, de la Torre JC, Portela A, et al. (1985)
The quasispecies (extremely heterogeneous) nature of viral RNA genome
populations: biological relevance—a review. Gene 40: 1–8.
7. Eigen MaBC (1988) Sequence space and quasispecies distribution. In:
Domingo E, Holland JJ, Ahlquist P, eds. RNA genetics. Boca Raton: CRC
Press. pp 211–245.
8. Vignuzzi M, Stone JK, Arnold JJ, Cameron CE, Andino R (2006) Quasispecies
diversity determines pathogenesis through cooperative interactions in a viral
population. Nature 439: 344–348.
9. Pfeiffer JK, Kirkegaard K (2005) Increased fidelity reduces poliovirus fitness and
virulence under selective pressure in mice. PLoS Pathog 1: e11.
10. Jerzak GV, Bernard K, Kramer LD, Shi PY, Ebel GD (2007) The West Nile
virus mutant spectrum is host-dependant and a determinant of mortality in mice.
Virology 360: 469–476.
11. Sauder CJ, Vandenburgh KM, Iskow RC, Malik T, Carbone KM, et al. (2006)
Changes in mumps virus neurovirulence phenotype associated with quasispecies
heterogeneity. Virology 350: 48–57.
12. Vignuzzi M, Wendt E, Andino R (2008) Engineering attenuated virus vaccines
by controlling replication fidelity. Nat Med 14: 154–161.
13. Salazar-Gonzalez JF, Bailes E, Pham KT, Salazar MG, Guffey MB, et al. (2008)
Deciphering Human Immunodeficiency Virus Type 1 Transmission and Early
Envelope Diversification by Single-Genome Amplification and Sequencing.
J Virol. pp 3952–3970.
14. Escarmis C, Davila M, Domingo E (1999) Multiple molecular pathways for
fitness recovery of an RNA virus debilitated by operation of Muller’s ratchet.
J Mol Biol 285: 495–505.
15. Novella IS, Duarte EA, Elena SF, Moya A, Domingo E, et al. (1995)
Exponential increases of RNA virus fitness during large population transmis-
sions. Proceedings of the National Academy of Sciences of the United States of
America 92: 5841–5844.
16. Yuste E, Lopez-Galindez C, Domingo E (2000) Unusual distribution of
mutations associated with serial bottleneck passages of human immunodeficien-
cy virus type 1. J Virol 74: 9546–9552.
17. Lopez-Galindez C, Lopez JA, Melero JA, de la Fuente L, Martinez C, et al.
(1988) Analysis of genetic variability and mapping of point mutations in
influenza virus by the RNase A mismatch cleavage method. Proc Natl Acad
Sci U S A 85: 3522–3526.
18. Thome KC, Radfar A, Rosenberg N (1997) Mutation of Tp53 contributes to the
malignant phenotype of Abelson virus-transformed lymphoid cells. J Virol. pp
8149–8156.
19. Larder B, Kemp S (1989) Multiple mutations in HIV-1 reverse trans-
criptase confer high level resistance to zidovudine (AZT). Science 246:
1155–1158.
20. Diez J, Davila M, Escarmis C, Mateu MG, Dominguez J, et al. (1990) Unique
amino acid subtitutions in the capsid proteins of foot-and-mouth disease virus
from a persistent infection in cellculture. Proc Natl Acad Sci USA 64:
5519–5528.
21. Lopez-Galindez C, Rojas JM, Najera R, Richman DD, Perucho M (1991)
Characterization of genetic variation and 39-azido-39-deoxythymidine- resis-
tance mutations of human immunodeficiency virus by the RNase A mismatch
cleavage method. Proc Natl Acad Sci U S A 88: 4280–4284.
HIV-1 Variation and Fitness
PLoS ONE | www.plosone.org 7 April 2010 | Volume 5 | Issue 4 | e10319
22. Olivares I, Shaw G, Lopez-Galindez C (1997) Phenotypic switch in a spanish
HIV Type 1 isolate on serial passage on MT-4 cells. AIDS Res Hum
Retroviruses 13(11): 979–984.
23. Baranowski E, Sevilla N, Verdaguer N, Ruiz-Jarabo CM, Beck E, et al. (1998)
Multiple virulence determinants of foot-and-mouth disease virus in cell culture.
J Virol 72: 6362–6372.
24. Sanz-Ramos M, Diaz-San Segundo F, Escarmis C, Domingo E, Sevilla N (2008)
Hidden Virulence Determinants in a Viral Quasispecies In Vivo. J Virol. pp
10465–10476.
25. Novella IS, Ebendick-Corpus BE (2004) Molecular basis of fitness loss and fitness
recovery in vesicular stomatitis virus. J Mol Biol 342: 1423–1430.
26. Gonzalez-Lopez C, Gomez-Mariano G, Escarmis C, Domingo E (2005)
Invariant aphthovirus consensus nucleotide sequence in the transition to error
catastrophe. Infect Genet Evol 5: 366–374.
27. Domingo E, Gonzalez-Lopez C, Pariente N, Airaksinen A, Escarmis C (2005)
Population dynamics of RNA viruses: the essential contribution of mutant
spectra. Arch Virol Suppl. pp 59–71.
28. Shafer RW, Rhee SY, Pillay D, Miller V, Sandstrom P, et al. (2007) HIV-1
protease and reverse transcriptase mutations for drug resistance surveillance.
Aids 21: 215–223.
29. Brander C, Walker BD (1999) T lymphocyte responses in HIV-1 infection:
implications for vaccine development. Curr Opin Immunol 11: 451–459.
30. Borrow P, Lewicki H, Hahn BH, Shaw GM, Oldstone MBA (1994) Virus-
specific CD8+cytotoxic T-lymphocyte activity associated with control of viremia
in primary human immunodeficiency virus type 1 infection. Journal of Virology
68: 6103–6110.
31. Kaslow RA, Carrington M, Apple R, Park L, Mu–oz A, et al. (1996) Influence of
combinations of human major histocompatibility complex geners on the course
of HIV-1 infection. Nature Medicine 2: 405–411.
32. Cao J, McNevin J, Holte S, Fink L, Corey L, et al. (2003) Comprehensive
analysis of human immunodeficiency virus type 1 (HIV-1)-specific gamma
interferon-secreting CD8+T cells in primary HIV-1 infection. J Virol 77:
6867–6878.
33. Draenert R, Le Gall S, Pfafferott KJ, Leslie AJ, Chetty P, et al. (2004) Immune
selection for altered antigen processing leads to cytotoxic T lymphocyte escape in
chronic HIV-1 infection. J Exp Med 199: 905–915.
34. Altfeld M, Addo MM, Shankarappa R, Lee PK, Allen TM, et al. (2003)
Enhanced detection of human immunodeficiency virus type 1-specific T-cell
responses to highly variable regions by using peptides based on autologous virus
sequences. J Virol 77: 7330–7340.
35. Goonetilleke N, Liu MKP, Salazar-Gonzalez JF, Ferrari G, Giorgi E, et al.
(2009) The first T cell response to transmitted/founder virus contributes to the
control of acute viremia in HIV-1 infection. . pp jem.20090365.
36. Richman DD, Wrin T, Little SJ, Petropoulos CJ (2003) Rapid evolution of the
neutralizing antibody response to HIV type 1 infection. Proc Natl Acad Sci U S A
100: 4144–4149.
37. Meyerhans A, Cheynier R, Albert J, Seth M, Kwok S, et al. (1989) Temporal
fluctuations in HIV quasispecies in vivo are not reflected by sequential HIV
isolations. Cell 58: 901–910.
38. Troyer RM, Collins KR, Abraha A, Fraundorf E, Moore DM, et al. (2005)
Changes in Human Immunodeficiency Virus Type 1 Fitness and Genetic
Diversity during Disease Progression. J Virol 79: 9006–9018.
39. Wolinsky SM, Korber BT, Neumann AU, Daniels M, Kunstman KJ, et al.
(1996) Adaptive evolution of human immunodeficiency virus-type 1 during the
natural course of infection. Science 272: 537–542.
40. Shankarappa R, Margolick JB, Gange SJ, Rodrigo AG, Upchurch D, et al.
(1999) Consistent viral evolutionary changes associated with the progression of
human immunodeficiency virus type 1 infection. J Virol 73: 10489–10502.
41. Biebricher CK, Eigen M (2006) What is a quasispecies? Curr Top Microbiol
Immunol 299: 1–31.
42. Eigen M, Biebricher CK (1988) Sequence space and quasispecies distribution;
Domingo E, Holland JJ, Ahlquist P, eds. Boca RatonFlorida: CRC Press. pp
211–245.
43. Harada S, Koyanagi Y, Yamamoto N (1985) Infection of HTLV-III/LAV in
HTLV-I-carrying cells MT-2 and MT-4 and application in a plaque assay.
Science 229: 563–566.
44. Holland JJ, de la Torre JC, Clarke DK, Duarte E (1991) Quantitation of relative
fitness and great adaptability of clonal populations of RNA viruses. J Virol 65(6):
2960–2967.
45. Kuiken C, Leitner T, Foley B, Hahn B, Marx P, et al. (2009) HIV Sequence
Compendium 2009. Los Alamos National Laboratory, Theoretical Biology and
Biophysics, Los Alamos New Mexixco LA-UR 09-03280.
46. Thompson JD, Higgins DG, Gibson TJ (1994) CLUSTAL W: improving the
sensitivity of progressive multiple sequence alignment through sequence
weighting, position-specific gap penalties and weight matrix choice. Nucleic
Acids Res 22: 4673–4680.
HIV-1 Variation and Fitness
PLoS ONE | www.plosone.org 8 April 2010 | Volume 5 | Issue 4 | e10319
